The binding between biotin and streptavidin or avidin is one of the strongest known non-covalent biological interactions. The (strept)avidin-biotin interaction has been widely used for decades in biological research and biotechnology. Therefore labeling of purified proteins by biotin is a powerful way to achieve protein capture, immobilization, and functionalization, as well as multimerizing or bridging molecules. Chemical biotinylation often generates heterogeneous products, which may have impaired function. Enzymatic biotinylation with E. coli biotin ligase (BirA) is highly specific in covalently attaching biotin to the 15 amino acid AviTag peptide, giving a homogeneous product with high yield. AviTag can conveniently be added genetically at the N-terminus, C-terminus or in exposed loops of a target protein. We describe here procedures for AviTag insertion by inverse PCR, purification of BirA fused to glutathione-S-transferase (GST-BirA) from E. coli, BirA biotinylation of purified protein, and gel-shift analysis by SDS-PAGE to quantify the extent of biotinylation.
Introduction
Biotin is a cofactor for carboxylase enzymes, present in all living organisms (1) .
Streptavidin binds to biotin with a Kd of 4 × 10 -14 M (2). Streptavidin-biotin binding is rapid, specific and can still occur under conditions where most other proteins have denatured, such as high temperatures or 6 M guanidinium hydrochloride or 1% sodium dodecyl sulfate (SDS) (3) . A breakthrough for the use of biotin for protein modification was harnessing the cell's natural machinery for biotin conjugation, using the E. coli enzyme BirA to achieve precise biotin modification (4) . The natural substrate of BirA is the Biotin Carboxyl Carrier Protein (BCCP), requiring fusion of at least 75 residues to the target protein (4) . However, phage display selection enabled the development of the AviTag (also known as the Acceptor Peptide, AP), which is superior to BCCP as a BirA substrate but only 15 amino acids in length (5) (see Fig.   1 ), so extending the range of protein sites amenable to site-specific enzymatic biotinylation. More recent work has established that BirA can biotinylate such substrate peptides specifically in the cytosol (6) , secretory pathway, and at the cell surface in mammalian and invertebrate systems (7, 8, 9, 10) . A detailed protocol for labeling with
BirA at the mammalian cell surface for fluorescent imaging has recently been published (11) .
Biotinylation of purified proteins has been applied in a wide range of areas of biochemistry and cell biology (see Fig. 2 ):
• Tetramerization -enhancing the avidity of ligand binding. For example, MHC class I tetramerized by streptavidin enabled stable binding to the T cell receptor and so allowed monitoring of the immune response and isolation of anti-pathogen or anticancer T cells (12) .
• Bridging -for nanoassembly, streptavidin is often used as a bridge between one biotinylated protein and another biotinylated molecule, such as DNA, sugars, lipids or small-molecule drugs (13).
• Immobilization -giving precise attachment that is stable over time, to a wide range of pH values, and to force. BirA-biotinylated proteins are commonly used for capture on chromatography columns, chips (e.g. for surface plasmon resonance or next generation sequencing) (14) , atomic force microscope tips (15) , or nanoparticles (e.g. quantum dots or magnetic particles) (16).
• Sensitive detection -an in vitro biotinylated protein can be added to cells and subsequently recognized with high affinity by streptavidin conjugates (17) . Use of monovalent streptavidin facilitates efficient measurement of the absolute number of biotin binding sites on cells (16) . 
Further developments
An important advance in BirA labeling is its use for electron microscopy (18) . Biotin ligase from E. coli or other species can also ligate to a peptide tag biotin analogs, including desthiobiotin for reversible streptavidin binding (19) , or analogs containing functional groups for bio-orthogonal reaction: keto (20) , azido and alkyne groups (21) . However, only small changes to the structure of biotin could be tolerated by biotin ligase and so the related ligase LplA has proved more amenable to direct incorporation of fluorophores (22) .
Engineering of streptavidin is important in extending the usefulness of BirAlabeling; in particular variants with controlled valency (e.g. monovalent streptavidin, mSA), enabling precise control over assembly of biotin conjugates (11, 23) . In addition, we generated a streptavidin variant with 10-fold lower off-rate for biotin and enhanced thermal stability (traptavidin) (24, 25) .
New applications of BirA have been for labeling specific protein populationsby targeting BirA to a specific chromatin-associated protein, particular AviTag-linked nucleosome populations were biotinylated (26) . By targeting BirA to one synaptic membrane, AviTag-proteins on the opposite synaptic membrane were biotinylated, allowing imaging of specific protein-protein interactions at synapses (27) . Through expressing a BirA-substrate peptide on a nuclear envelope protein and BirA in specific tissues of Arabidopsis thaliana, Caenorhabditis elegans or Drosophila melanogaster, nuclei from specific cell-types could be isolated by streptavidin pulldown (28, 29) . Also the use of enzymes to achieve promiscuous biotinylation (a BirA mutant or a peroxidase) has enabled labeling of untagged proteins in particular cellular regions or compartments (30, 31, 32) .
Limits of BirA protein labeling
The convenience and high yield of BirA labeling must be considered against certain limitations:
• a peptide tag must be introduced into the target protein.
For site-specific biotinylation while only changing a single residue, suppressor tRNA bearing a biotinylated amino acid can be used (although some protein locations
were not well tolerated) (33) . However, biotinylation via artificial amino acid incorporation brings disadvantages of more complex expression and of uncertainty in percentage incorporation-the initial assessment of biotinylation yield in Xenopus oocytes was done indirectly via electrophysiology and radioactive streptavidin binding (33) . p-Aminophenylalanine-linked biotin conjugates on tRNA showed improved protein incorporation in cell-free translation (34) (reagents are available from RiNA GmbH or Cosmo Bio Co. Ltd.). Biotinylation can also be achieved directly at the N-terminus, such as with subtiligase (35), or at the C-terminus using inteins (36).
• the binding partner of biotin, streptavidin or avidin, does not interact covalently and is not a good fusion partner.
Covalent linkage to peptide tags can now be achieved using split inteins (37, 38) , sortase (39) and SpyCatcher (40), although they have not yet demonstrated the high sensitivity of detection shown by streptavidin or avidin. A monomeric streptavidin has been developed that is suitable as a fusion tag (41) . A key future development will be to improve monomeric streptavidin's binding affinity to that of the original tetrameric streptavidin.
Materials

Equipment
1. Incubators and shakers appropriate for growing bacterial cultures.
Luria Bertani broth (LB
NaCl. Autoclave and store at room temperature. 
Methods
The methods described below utilize a glutathione-S-transferase-BirA fusion protein, but are adaptable to His6-tagged or Maltose Binding Protein (MBP) fusion constructs.
All three constructs express well but GST-BirA can be efficiently removed from the biotinylated substrate after reaction, by passing through glutathione-agarose.
GST-BirA production
1. Transform an appropriate E.coli expression strain (e.g. BL21) with the pGEX-GST-BirA plasmid.
2. Grow a 10 mL overnight culture from a single colony in LB plus 10 μL of 100 mg/mL ampicillin and 200 μL of 20% glucose.
3. Use 8 mL of the overnight culture to inoculate 800 mL LB plus 0.8 mL 100 mg/mL ampicillin and 30 mL 20% glucose in a 2 L baffled flask.
4. Grow at 37 °C with 200 rpm shaking to an OD600 of 0.5. 
Generation of AviTag protein constructs
A variety of standard molecular biology methods can be used to add the AviTag (see Note 2) to an appropriate site in a target protein (see Note 4). For certain experiments it may also be valuable to clone a negative control peptide that is not biotinylated by
BirA (see Note 5). We suggest using a modified inverse PCR mutagenesis (43) (see 2. Incubate sample for 1 hour at 30 °C with gentle mixing on a rocking platform.
3. Add the same amount of fresh biotin and GST-BirA and incubate for a further hour.
4. GST-BirA may be removed by incubation of the sample with 0.1 mL of a 50% slurry of glutathione-HiCap resin in PBS for 30 minutes at room temperature, followed by centrifugation and collection of the supernatant (45).
5. Dialyze the sample into PBS or other suitable buffer, for storage and to remove the excess biotin.
The biotinylation of the target protein is generally irreversible in vitro;
apparent loss of biotinylation is most likely to reflect proteolysis separating the biotinylation site from the rest of the target protein.
Testing the extent of protein biotinylation by a streptavidin gel-shift
The efficiency of the biotinylation reaction has been examined by Western blotting (6) or other enzymatic or ligand-displacement assays (46) , but these approaches are time-consuming and only indirectly allow quantitation. A rapid and easily quantified alternative is to saturate the target protein with streptavidin and study the gel-shift in SDS-PAGE (see Fig. 5 ). Provided the gel does not get excessively warm during the run, streptavidin will retain its native tetramer structure and remain bound to biotin conjugates under normal SDS-PAGE conditions (16) . A streptavidin monomer (i.e.
one biotin binding site) has a calculated ε280 of 41,940 M -1 cm -1 .
1. Prepare a PCR tube containing 5 μL of 10 μM biotinylated target protein and add 10 µL of 2× SDS-PAGE buffer.
2. Heat samples at 95 °C for 5 minutes in a PCR block with a heated lid.
3. Allow the sample to cool to room temperature and briefly centrifuge. 
